This work researches the protective behaviour of silane based organic-inorganic hybrid coatings on AZ31 and AZ61 magnesium alloy substrates during exposure to 0.6 M NaCl solutions. An attempt is made to determine possible relationships between the degradation of the sol-gel film during its exposure and composition of the metal substrate. Results indicated that the sol-gel coated AZ61 substrate tends to develop corrosion slower than the sol-gel coated AZ31 substrate, tendency that can change by prolonging exposure time. After the curing process, the sol-gel coating formed on the AZ61 substrate is far more perfect, uniform and protective than that which results on the AZ31 substrate, behaviour attributed to the high protective effect of the pre-existing oxide film on the surface of the AZ61 alloy. After several days' immersion, a clear inhibitive effect of the corrosion products formed during the test is observed in the case of the sol-gel coated AZ31, but not with the coated AZ61 alloy substrate, a 2 phenomenon explained by the carbonate enrichment observed by XPS (X-ray photoelectron spectroscopy).
INTRODUCTION
Magnesium alloys have some advantageous properties as high dimensional stability, low density, high strength, high thermal conductivity, good damping capacity, castability and machinability and they are easily recycled [1] . These alloys show a surface film composed of MgO and Mg(OH) 2 which provides corrosion protection in air, but become unstable in aqueous environments [2] . One of the most effective ways to prevent corrosion of metals, is to separate the metallic surface from the corrosive medium by deposition of coating films on the surface [3] . In this case, the coatings protect the substrate by acting as a physical barrier between the metal and its environment [4] [5] [6] [7] [8] [9] [10] . Many routes may be followed for the deposition of coatings on metal surfaces, for example, electrochemical deposition, plasma spraying, physical vapor deposition, chemical vapor deposition, and sol-gel technology [11, 12] .
The sol-gel method enables the obtaining of high reactivity, better purity, avoidance of corrosive by-products, improved control of the product structure, and provides an easy, cost-effective and excellent way to incorporate inorganic compounds into an organic one [13] . The organic-inorganic silane hybrids prepared by sol-gel procedure are of great interest because they combine characteristics of both organics and inorganics [13] . Such coatings display good method for the corrosion protection of metal surfaces including magnesium ones [14] [15] [16] [17] [18] [19] .
Generally, for an efficient coating, a good adhesion between the metal surface and the deposited film, absence of cracks, are required [20] . In this context, the organicinorganic silane hybrid with a long alkyl chain may satisfy many of these needs. Silanol groups (arising from hydrolysis of alkoxy group) can easily react with the hydroxylated magnesium surface, during curing of the silane layer forming covalent bonded metal/film interface (MeOSi) [21] . This increases the adherence of the silanes to the metallic substrates which is considered essential for corrosion protection purposes [21] . Heating of the coated substrates results in formation of siloxane bond (Si-O-Si)
network as a result of condensation of the silanol groups which have not reacted with the metal surface. Such cross linking hinders the penetration of the aggressive agents [22] .
The objective of this work is to analyse the behaviour of a silane hybrid sol-gel film designed to be applied onto magnesium alloy surfaces for their corrosion protection.
For this, two commercial Mg-alloys with differing wt % Al additions, AZ31 (nominally 3
wt. % Al -1 wt. % Zn) and AZ61 (nominally 6 wt.% Al -1 wt.% Zn) are coated with the silane hybrid sol-gel film by dip-coating method. The corrosion protection afforded by the sol-gel thin film is evaluated by means of Electrochemical Impedance Spectroscopy (EIS) and hydrogen evolution measurements when the coated Mg alloys are immersed in 0.6M NaCl aqueous solutions. Moreover, a complete study of the coated Mg surfaces before and after the exposure to the saline solutions is made by XPS.
MATERIALS AND METHODS
The chemical compositions of the tested magnesium alloys, AZ31 and AZ61, are listed in Table 1 . They were fabricated in wrought condition and supplied in 3 mm thick plates by Magnesium Elecktron Ltd. Test specimens were dry ground with successive grades of silicon carbide abrasive paper from P600 to P2000 followed by finishing with 3 and 1 μm diamond paste, cleaned in water and dried with hot air. Due to the high affinity of magnesium with the atmosphere, an attempt was made to keep the exposure time to the atmosphere to a minimum, of around 1 hour, before the immersion of the specimens.
-methacryloxypropyltrimethoxysilane (MAPTMS) (98% from Aldrich), and tetramethoxysilane (TMOS) (98% from Fluka), were used as received. Sols for the coatings were prepared starting from a mixture of 4 mols of MAPTMS and 1 mol of TMOS. Ethanol and water were added with the molar ratio (TMOS+MAP)/water/methanol of 1/3/3 [23, 24] .
The inorganic-organic hybrid coatings were deposited on the AZ31 and AZ61 by using dip coating technique [25] with a withdrawal speed of 9 cm/min and holding time of 60 s. The coated MAPTMS/TMOS-AZ31and MAPTMS/TMOS-AZ61 alloys were then placed in a furnace for 2 h at 120 o C for curing. The rest of MAPTMS/TMOS sol was placed 12 hours at 120 o C and crushed to convert it into a powder form.
Thermogravimetric analysis (TGA) was performed to determine the thermal degradation of samples using (SETARAM DTA-TG Setsys Evolution -1750) TGA analyser at heating rate of 10 o C/min. about 5 mg of the sample was heated from ambient temperature to 900 o C at a heating rate of 20 o C/min.
X-ray Diffraction measurements were made on the prepared hybrid using a Siemens D-5000 diffractometer with CuKα monochromatic radiation (λ= 0.15406 nm). The XRD data were collected at a room temperature over the 2θ range of 10°-100° at a step size of 0.02°
The surfaces of the coated substrates was studied by using attenuated total reflectance-infrared spectroscopy (FTIR-ATR) using a Nicolet Magna IR 550 in the range of 400 and 4000 cm −1 .
Photoelectron spectra were recorded using a Fisons MT500 spectrometer equipped with a hemispherical electron analyser (CLAM 2) and a Mg Kα X-ray source operated at 300 W. The samples were fixed on small flat discs on a XYZ manipulator and placed in the analysis chamber. The residual pressure in this ion-pumped analysis chamber was maintained below 10 -8 torr while data was being attained. The spectra were collected for 20-90 min depending on the peak intensities, at a pass energy of 20 eV, which is typical for high-resolution conditions. The intensities were estimated by calculating the area under each peak after smoothing and subtraction of the S-shaped background and fitting the experimental curve to a combination of Lorentzian and Gaussian lines of variable proportions. Although specimen charging was observed, it was possible to determine accurate binding energies (BEs) by making references to the adventitious C 1s peak at 285.0 eV. The atomic ratios were calculated from the peak intensity ratios and the reported atomic sensitivity factors [26] . The measurements were performed at take-off angles of 45° with respect to the sample surface. The sampled areas were 1 x 1 mm 2 .
Images of the specimen surfaces were obtained in original and polished condition using an atomic-force microscope (AFM). All images (20 x 20 µm) were taken in the 5100 AFM/SPM from Agilent Technologies working in tapping mode using Si type AFM cantilevers with a normal spring constant of 40 N/m and a typical radius of 10 nm from Applied Nanostructures. Images were acquired at a resolution of 512 x 512 points and subjected to first-order flattening.
The corrosion of the sol-gel coated magnesium alloys was estimated by determining the volume of hydrogen evolved during the corrosion process. Samples for hydrogen gas collection, to characterise corrosion rate during solution immersion, were cut into square coupons with dimensions of 2 cm × 2 cm x 0.3 cm, and vertically immersed in 700 ml of quiescent 0.6M NaCl solution for 11 days in a beaker open to laboratory air at 20 ± 2 °C. All of the specimen surface has been exposed to the corrosion test. The hydrogen evolved during the corrosion experiment was collected in a burette by a funnel above the corroding sample, as described by Song et al [27] [28] [29] . All these experiments were run simultaneously and each sample was subjected to essentially the same temperature and exposure history.
Electrochemical impedance measurements were conducted in 0.6 M NaCl aqueous solution during 14 days of immersion at room temperature (25ºC). A Metrohm / Eco Chemie Autolab PGSTAT30 Potentiostat/Galvanostat Electrochemical System equipped with a frequency response analyser FRA2 module was used to carry out these measurements. The frequency ranged from 100 kHz to 1 mHz with 5 points/decade, whereas the amplitude of the sinusoidal potential signal was ±10 mV with respect to the open circuit potential. A conventional three-electrode setup was employed: Ag/AgCl and graphite were used as reference and counter electrodes, respectively, and the material under study was the working electrode. The exposed area of the working electrode was 9 cm 2 . 
RESULTS
The thermal degradation of the MAPTMS/TMOS hybrid was studied using TGA. The TGA curve is shown in Fig 1 . From this curve, it is clear that the thermal degradation of the silane hybrid occurs through three mass loss steps namely, Region I, Region II and Region III. In region I the first weight loss, below 350ºC, is attributed to the evaporation of water and condensation by-products [30] . The weight loss in region II, between 350 and 550ºC, is attributed to the burning or combustion of organic compounds in the hybrid [30] . The third weight loss stage region III, above 550ºC, is ascribed to the complete burning of the organics in the hybrid [30] . There is no major weight loss afterwards, indicating that the organic groups have been completely burnt off.
The XRD patterns of, MAPTMS/TMOS deposited on different surfaces of AZ31 and AZ61 alloys (Polished and originals) are showed in Figure 2 . All the XRD patterns exhibited a single broad diffused peak typical for an amorphous material. Surely, because silane-based sol-gel chemistry consists primarily of hydrolysis and condensation reactions of alkoxysilane precursors that form amorphous materials as the reactions proceed [31] .
The FTIR-ATR spectra of a dip-coated AZ31 and AZ61 alloys is presented in Fig. 3 and the corresponding band assignments for this compound are presented in Table 2 .
All hybrids present the characteristic asymmetric Si-O-Si stretching vibration, silica network peak around 1010 cm -1 which are the structural backbone of the hybrid material [13] . The band at 2942 cm −1 may be ascribed to the C-H stretching absorptions of the CH 3 residues . The bands at 1450 cm −1 correspond to the symmetrical and asymmetrical CH 3 deformational (umbrella) modes [13] . The stretching vibration of C=O group at 1750 cm -1 is attributed to the carboxyl radical of acrylate [13] .The existence of these residues indicates that the film heated to 120 o C/2 hours still holds some hydrocarbon content. Therefore, FTIR-ATR confirms the presence of both organic and inorganic structures in the hybrid coatings, i.e. that the coating structure is formed by a silica network of Si-O-Si bonds interrupted in some points by organic groups. The band at 893 cm −1 corresponded to Mg-O-Si, which indicated that the cross linking was made between Mg surface and deposited layer. Table 3 shows the elemental composition obtained by XPS on the surface of the solgel coating applied to the AZ31 and AZ61 alloy substrates after the curing process. An important carbon, oxygen and silicon contents are observed, which may be related to the presence of the sol-gel coating. At the start, the diameter (R HF ) of the HF semicircle will mainly depend on the effect of the sol-gel coating but, after a longer immersion, the charge transfer resistance will be influenced by the progressive deterioration and porosity of the coating. Two different regimes were observed in the corrosion rate curve of the coated AZ61
alloy: an initial period of low corrosion rate and, after about 3 days, a much less protective effect with a moderately accelerated linear kinetics attributed to the breakdown of the sol-gel film and activation of microgalvanic corrosion enhanced by the significant β phase fraction in the AZ61 alloy. Table 4 shows the elemental composition obtained by XPS on the surface of the solgel coated alloy AZ31 and AZ61 after immersion for 15 days in 0.6 M NaCl..On the coated AZ31 alloy, attention is drawn to the important increase in the Cl and Na content observed respect to the corresponding coated AZ61 alloys and the presence of a significant silicon content. In contrast to the coated AZ61 alloys, the surface of the coated AZ31 alloy shows a large excess of sodium over its anion (chloride). Probably, because of the higher intensity of the Cl2p peak observed by XPS in the surface of the coated AZ31 alloy after immersion, the effect from its respective chlorine Auger The O1s high resolution spectra obtained on the surface of the sol-gel coated alloy AZ61 after immersion for 15 days (Fig 8c) shows the most intense component at a binding energy of 532.2 eV associated with the presence of oxygen in the form of Mg(OH) 2 and another less intense at 533.6 eV which may be attributed to magnesium carbonate [35] . The Mg2p high resolution spectra obtained on the coated AZ61 alloy may be fitted with two components (Fig. 8d) . The first and more intense component at a binding energy of 50.8 eV, which is associated with the presence of magnesium in the form of Mg(OH) 2 . At 52.6 eV a component of lower intensity is also found, related to magnesium in the form of magnesium carbonate. As was previously observed in the C1s peak (Figs. 8a and 8b) , it is important to note the significant increase in the intensity of the component which appears at the highest binding energies (magnesium carbonate) in the O1s and Mg2p spectra observed in the coated AZ31 alloy (Figs 8d and 8f) compared with that of the coated AZ61 alloy (Fig. 8c and 8e ). . Finally, the Na1s spectrum (Fig. 9c ) may be fitted to one component at 1072.6 eV associated with the presence of sodium (Na + ) ions [33] . Table 4 compares the atomic percentages of carbonate on the surface of the corrosion layers formed on the AZ31 and AZ61 alloys exposed to the NaCl solution. The atomic percentages of carbonate were obtained from the area of the CO 3 2-components used in the fitting of the C1s spectra (Figs. 8a and 8b ) and the atomic percentages of C obtained by XPS on the surface of the corrosion layer formed on the AZ31 and AZ61 alloys (Table 4) . It is important to note, the significant increase in the amount of carbonates observed by X-ray photoelectron spectroscopy (XPS) on the surface of the coated AZ31 alloy, increased by a factor of around 2, compared with the coated AZ61 alloys.
DISCUSSION

Influence of the composition of Mg-Al alloys substrate on the sol-gel coatings surface morphology.
In the XPS analysis of the external surface of the sol-gel coatings formed on the AZ31 substrate after the curing process, attention is drawn to the detection of significant amounts of magnesium (Table 3 ) which indicated the significant presence of discontinuities or pores in the coating that leave the substrate surface exposed. In contrast, the absence of magnesium indicates that the surface of the AZ61 alloy substrate is completely covered by the sol-gel coating. In Fig 4a which represents the visual appearance of the sol-gel coatings formed on the AZ31 substrate, one can see that the surface is not uniform, with areas without apparent macroscopic defects coexisting with other areas with visible macroscopic pores or defects. In contrast, the sol-gel coating formed on the AZ61 alloy substrate looks (Fig 4b) far more perfect and uniform. The formation of porous, non-uniform coatings during its deposition has been reported by Song and Liu [37] appearing to be the result of the hydrogen evolution closely associated with the magnesium dissolution from the substrate.
In previous studies [38] [39] [40] with the same alloys immersed in a 0.6 M NaCl saline solution, we observed that the native oxide layer formed on the polished AZ61 surface was more protective than that on the AZ31 surface in the early stages of testing. The difference seemed to be due to the strong protective effect of the uniform, passivation film of magnesium oxide that is formed spontaneously on the as-polished surface of the AZ61 magnesium alloy. At the beginning of the sol-gel coating formation, it is likely that this protective and homogeneous surface layer initially present on the polished AZ61 alloy substrate had a greater capability to isolate this alloy from the acqueous electrolyte environment and the effects of hydrogen evolution compared to the AZ31 alloy, with the result of the growth of a more perfect sol-gel coating than that of the AZ31 alloy.
Relationship between the surface morphology of the sol-gel coating and their corrosion resistance in saline solutions.
It seems likely that some of the differences that have been revealed in the surface morphology of the sol-gel coatings formed on the AZ31 and AZ61 alloys have an impact on the corrosion behaviour. As commented earlier, the more significant changes that have been observed on the surface of the sol-gel coating, is the presence of macroscopic defects or pores as result of the interactions between coating and substrate during curing.
After less than 1 day of exposure, EIS measurements have revealed a significant reduction in the impedance values of the coated AZ31 alloy substrate compared with those observed at the start of exposure, reaching similar values to the same alloy in bare state (Fig. 6a) . The presence of macroscopic defects or pores in the coating formed on the AZ31 alloy (Fig 4a) had the effect of decreasing its barrier properties, being lost any relevant influence on corrosion protection
In contrast to the findings with the AZ31 alloy, the sol-gel coating significantly improves the corrosion resistance of the AZ61 alloy as observed in the R HF values obtained in the coated AZ61 specimens, clearly exceeding the bare substrate values during the first seven days of corrosion testing in presence of the highly aggressive 0.6M NaCl solution (Fig. 6b) . It seems likely that the uniformity and the absence of visible defects on the sol-gel coating formed on the AZ61 slow down the corrosion process by physically blocking the active sites on the metal surface (i.e., presence of β-phase) diminishing the rate at which Cl -ions are transported through the sol-gel coating.
Influence of the composition of corrosion products on the sol-gel coating corrosion resistance in saline solutions.
After 7 days of immersion and until the end of the test, low Rt values were obtained from the sol-gel coated AZ61 alloy (Fig. 6b) ; values that differ relatively little from those obtained with the bare alloy, indicating that the sol-gel coating in such circumstances does not prevent significantly the corrosion. Unlike the AZ61 alloy, an important increase of the R HF values with time of exposure to the aggressive medium is observed on the sol-gel coated AZ31 alloy after 7 days of exposure (Fig. 6a) .
It seems likely that some of the differences on corrosion behaviour of the tested specimens obey to differences in the chemical composition observed on the surface of the specimens during exposure to the saline solution. In the sol-gel coated AZ31 alloy the clear tendency for R HF to increase and, therefore, corrosion rate to decrease with immersion time (Fig. 6a) suggests a reinforcement of the protective action of the film associated with the formation and accumulation of insoluble corrosion products at the base of pores of the coating. In this alloy, XPS analysis has revealed an appreciable content of magnesium carbonate, suggesting a positive effect of these species on the corrosion resistance, result in line with the protective role of the carbonate products observed by Wang et al [41] after immersion of AZ31 and AZ91 magnesium alloys in diluted (0.01M) NaCl solution.
However, in our work, remarkably high values of corrosion rate are deduced from Fig.   6b for the AZ61 alloy after several days of corrosion test, and the XPS analysis reveals the presence of Mg(OH) 2 as the major component of the corrosion product layer.
Therefore, these corrosion products do not appear to provide effective protection to the AZ61 alloy against the much more concentrated 0.6M NaCl solution used here.
The differences observed between the contents of magnesium hydroxide and carbonate precipitated on the surface of the two sol-gel coated alloys suggests differences in the pH of the solution close to the surface of the coated substrate during the corrosion test. In the coated AZ61 alloy, the presence of β-phase and micro- 
CONCLUSIONS
1) AFM observations and XPS analysis revealed that the sol-gel coatings formed on the surface of AZ61 alloy are far more perfect, uniform and free from macroscopic defects than those formed on the AZ31 alloy. This behaviour is attributed to the effect of the native oxide film initially present on the surface of the AZ61 alloy, which inhibits the attack of magnesium. However, with the AZ31 alloy, the native oxide film is not sufficiently protective to prevent some magnesium dissolution and associated hydrogen evolution, causing macroscopic pores during the curing process of the solgel film formation.
(2) Probably due to the effects of a defective coating, in the first 24 hours of corrosion test EIS measurements showed corrosion rates for the sol-gel coated AZ31 alloy about ten times higher than for the AZ61 alloy with a better barrier effect. 
